A new model has been proposed for describing deoxidation kinetics in turbulent melts by /Jostulating that for aluminum deoxidation the coalescence of the inclusion /Jarticles is the mte contl·oiling mechanism. I n essence , this model combines a coalescence theOl)1 p.-oposed by SaJJman and Tuner w ith a recently developed computational algorithmfor representing turbulent, reci rculatolY flows.
I. Introduction
D eoxida tion is one of th e most important steps in the finishing sequence of steelmaking operations; the progressively higher stand a rds set for the quality of finished products has stimulated considerable interest in the factors that determine d eoxidation kinetics.
Under industria l conditions deoxidation is carried out in agitated melts (in cour e of tapping, induction stirring, etc.) and the vast majority of recent studies l -9 ) is in a pparent agreement tha t agitation enha nces the rate of deoxidation, although there is considerab le divergence in views regarding the actual ratc controlling step.
In recent years, numerous attempts h a ve been made to d evelop qua ntitative models for the prediction of deoxidation rates in both laboratory scale and industrial scale units. 2 -8 ,lO) In general these authors prop osed that the overall rate of deoxida tion is determined by one or more of the following intermediate steps:
I ) Growth of oxide particles through coalescence 2) Flotation of the oxide particles, which is thought to obey Stokes' Law 3) Absorption of the oxide particles by the slag cover or the reaction of the particles with the wall of the container (in certain limited cases) 4) Growth of oxide particles by diffusion of the reactants (rather than by coalescence).
I t is noted that if mechanism ( 1) were ra te controlling the overall rate would be independent of the linear scale of the system; in contrast, if mechanism (2) or (3) were rate controlling, the linear scale of the * R eceived January 20, 1975. system would play a major role in determining th e overall rate.
Of these models mentioned, that proposed by Lindborg and Torsse!l2) is perh aps the most attractive because these authors used a sophistica ted model for coalescence, ad opted from the field of atmospheric sciencesY,12) H owever, Lindborg a nd Torssell postulated la minar flow , which is thought to be unrealistic, moreover, their model was una b le to represent the experimental d ata.
A further, more detailed discussion of these earlier models will be presented in Section V; we note at this stage, however, that all the previous work may be criticized on the grounds that while under industrial conditions deoxida tion is known to take place in a turbulent flow field, th e nature of which is bound to have a major effect on d eoxidation kinetics, no a llowance was m ad e for turbulence phenomena in these earlier studies. It may be suggested, therefore, that a crucial para meter has b een omitted by these previous investigators.
In very recent years considera ble progress has b een m ad e in the cha racteriza tion of turbulence phenomena in steel processing operations.l 3 -17 ) The purpose of the present paper is to app ly this improved understanding of turbulence phenomena to the development of a more realistic model for d eoxidation kine tics. Th ese ideas will then be tested on a specific problem, namely deoxidation in a n ASEA-SKF furnace.
In the following Section II, we shall present the mathematical formulation . The computational proced ure will be described in Section III, the computed results and their compa rison with measurements will be given in Section IV . The implications of this work will be discussed in Section V a nd finally, the concluding remarks a re contained in Section VI.
II. Formulation
L et us consider d eoxidation ta king place in a turbulent fluid flo w field , such as en countered in a R -H degassing unit, in argon-stirred ladles or induction stirred systems. The following assumptions are made :
( 1) The considerations are restricted to systems where the deoxid a tion process is rapid and produces a precipitate, su ch as deoxida tion with aluminum, titanium and silicon.
(2 ) W e shall assume the agglomeration of the oxide particles is the rate controlling step, or in other words, nucl eation and possibly diffusional growth are considered to be completed after a brief, initial time p eriod.
(3) W e shall consider, as done by many previous investigators, that th e initial size distribution of the inclusion particles is avai lable from measurements.
(4) W e shall assume that an expression developed b y Saffman and Tuner 12 ) in the field of atmospheric sciences, may be used for describing the coalescence of the inclusion particles, wh ere proper allowance is made for the turbulence characteristics of the system.
(5) W e shall consider, that when due to coalescence, a particle has reached a certain critical size say, r max , it may be regarded as h aving floated out of the system.
The implications of these assumptions, together with the relationship of the present model to those available previously, will be discussed subsequently in Section IV.
Within the framework of the above ass umptions, th e d eoxidation model may now be stated as follows:
L e t u s consider a n agitated melt, which contains a spatially uniform distribution of inclusion particles. L et the size distribution of the oxide particles be represented by the number density function,J(r )dr, which gives the number of oxide particles per unit volume, the radii of which fall be tween rand (r+dr).
By modifying the coalescence model proposed b y Lindborg and Torssell 2 ) to allow for the removal* of p a rticles a bove a certain critical size, the following conservation equation may be written in terms of the particle number density fun ction: where, r max represents the critical radius above which the oxide particle will float 01.1 t of the system.
The first term of the right ha nd side of Eq. (l) represents the ra te of the generation of the particles of radii, T, through the collision of the particles of radii , r l and T 2 , and the second term represents the rate of the destruction of the particles of radii, T, through their collision with other particles.
The function W(Tl' 1"2) represents the normalized probability of the collision between two particles. The d evelopment of a proper functional relationship for W(T!> T 2 ) is a crucial feature of any coalescence model. Finally, Eq. (2) is simply an expression of the conservation of volume.
In order to proceed further, W(rl ' T 2 ) has to be related to the flow characteristics of the system. Rather than following Lindborg and Torssell 2 ) who assumed laminar flow and attempted to relate W(r!> 1"2) to the local (macroscopic) velocity gradient, le t us retain the original postulate of Saffman and Tuner,12) who suggested the following relationship:
Transactions ISIJ, Vol. 15, 1975 ( 523 ) where, E is the turbulent energy density of the bath dissipated p er unit volume and unit time, and f1. is the molecula r viscosity of the melt. It is noted that E is related to the turbu lent fluctuations in the system and not just to the mean velocity. In general, E is a sma ll fraction of the total e nergy input into the system a nd has to be calcu lated by following quite a complex computational procedure, through the solution of the turbulent Navier-Stokes equations.1 4 -l 8 ) It has to be stressed that E is a physically meaningful property of the system which may be calculated through the use of turbulence theory. The appropriateness of these models has been tested for a range of physical situations. Equations (1) to (3) together with the appropriate turbulent Navier-Stokes equations, required for the computation E, provide a quantitative representation of the coalescence process, within the framework of the model proposed here.
Th e amount of oxygen retained by the system at any given tim e, in the form of oxide particles, may be obtained from the following expression:
where, MO is the atomic weight of oxygen, ,01'. is th e density of the molten iron, Q is the molar volume of oxide p a rticle and y is the stoicheometric number of oxygen in the oxide.
In essen ce Eq. (4) allows u s to evaluate the oxygen retained in the system by summing the particles of the permitted size, i.e., less than Tmax within the bath. The actual computation process to be d escribed in the subsequent section involves the numerical solution of Eqs. (1) to (4) with the aid of a digital computer.
III. Method of Computation
As discussed earlier the actual computation involved th e evaluation of the turbulent energy dissipation rate and the inclusion number of density functions.
Computation oj the Energy D ensity D issipated in Unit Time
It has been shown in earlier publications 14 -l9 ) that in turbulent recirculatory flows the rate of turbulence energy dissipation in unit time and in unit volume may be expressed by the following relationship: (5) where, Cd is a constant, the approximate value of which is 0.09, k' is the turbulence energy in (erg/g) and W ' is the turbulent characteristic (sec-2 ), which is physically" the gradient of the acceleration in the turbulent field " or " the mean square of the freq uency of the turbulen teddies".
The quantities k' and W' may be obtained through the numerical solution of the turbulent avier-Stokes equations, with the aid of " the two-equation model " of turbulence.
The experimental results to be used in this paper for testing the model were obtained in a 50 t ASEA-SKF furnace, the fluid flow characteristics of which have been described in detail in previous publications.!,16) Through the use of these earlier results the values of ( are readily computed. Figure I shows typical computed values of energy density dissipation rate .
Additional information on the energy dissipation patterns is avai lable in Ref. 16 ). The mean value of energy dissipation density for the pattern shown in 
Calculation oj the Number D ensity Distribution Function
For the purpose of computation the continuous function , J(r)dr, had to be replaced by a function which is defined only at discrete values of the radius. Let us assume the value of 16 fl for the critical radius of the oxide particle, r max ' The validity of this assumption will be discussed in detai l later in Section V. Thus, J(r)dr was replaced by the function A (i) defined as:
In using the above definition of the distribution function, certain practical compu tational problems may be encountered due to rounding errors. In order to minimize these, the following procedure was adopted:
( 1) The initial value of J(r)dr was assigned as fO(r)dr. (2) to obtainJ'(r, (3) dr, where, r max is the" cut-off" radius and assumed to be 16 fl.
(3) (3 was obtained by solving, f rmax f rmax o r 3 J(r)dr = 0 r 3 1'(r, (31)dr ............ (7) and the resultant value of (3 defined as (31' (4) Using the solu tion of Eq. ( I ) the new distribution function was evaluated from the fo llowing relationshi p:
(5) Knowledge of the new distribution fu nction then enabled the calculation of the oxygen content of the bath at a given time through the use of Eq. (4).
IV. Experimental Measurements and Comparison with Predictions

The Experimental Program
The objective of the experimental program was to obtain information on the deoxidation rates in both laboratory scale and indu strial scale u nits involving agitated steel baths under controlled conditions.
Industrial Scale Meas uretnents
The industrial scale measurements were carried out in a 50 t, ASEA-SKF furnace , located at the Nishinomiya Works of the Kawasaki Steel Corp. The details of these measurements, including data on the flow characteristics and tracer dispersion, have been described elsewhere and for this reason only the principal points relating to deoxidation will be reproduced here. The experimental conditions are summarized in Table I . Basically, some 30 kg of a luminum was added to a 50 t heat containing some 17% chromium and the rate of deoxidation was followed by the analysis of bomb sam ples taken at 10 to 15 sec intervals. These samp les were analyzed for total oxygen and for acid soluble aluminum. Figures 2 and 3 show plots of the oxygen and the aluminum content of the bath for two distinct heats as determined by this method ; addi tional measurements have been reported in an earlier paper.!)
In addition the number density of the oxide particles was determined by using two techniques. One of these involved the actual counting of the oxide particles on a polished surface of the specimen using an optical m icroscope (with a magnification of 400 and a visual field area of 0.25 mm 2 X 60). The alternative technique involved the extraction of the oxide particles followed by the use of a Coulter counter. 
Time after the addttion of aluminum (min) Fig. 3 . Oxygen and aluminum content as a function of tim e for heat LR-I in a 50 t ASEA-SKF furn ace Figure 4 shows typical measured values of the number density function for various values of time, as determined by both optical methods and by the use of a Coulter counter. The discrepancy between the results for larger particles, obtained by these two techniques, may be ascribed to the fact that the alumina clusters are likely to be broken up by the extraction process. For this reason the data obtained through the use of the optical measurem ents were used as a basis for estimating the initial number density function of the oxide particles.
The experimentally determined oxide particle number density function shown in Fig. 4 provide a n independent estimate of the total oxygen content of the bath. Table 2 shows a comparison between the bath oxygen levels predicted from the inclusion count (on the assumption that the oxide particles consisted of pure alumina) with those determined from direct measurements. The property values used in computing the oxygen content from the inclusion count are summarized in Table 3 . Inspection of Table 2 shows that the method of predicting the oxygen content of the bath from the inclusion count is not very satisfactory, moreover, the whole technique of inclusion counting cannot be regarded as very accurate. From Fig. 4 , we may infer that the particle density function obeys an exponential relationship, a behavior which is more clearly illustrated in Fig. 5 , in which the data are p lotted corresponding to the initial conditions for a particular heat. For this reason, for the purpose of computation, the initial value of the number density function was approximated by the following exponential rela- * a is defined as AO(i) = exp -(a X i). (9) where, No a nd a are constants.
Here a was determined from the slope of the line shown in Fig. 5 , whereas No was so selected to bring an agreement between the oxygen content of the bath obtained by chemical analysis and that predicted from the integration of Eq. (8) . The values of the parameter IX thus deduced, are also shown in Table 2 .
Laboratory Scale M e a s ure J11.e nts
In addition to the industrial scale measurements described above, a single laboratory scale d eoxidation run was also carried ou t; in course of this run a heat of 20 kg iron, containing 17 % chromium was melted in a high frequency (3.6kHz) induction furnace, under an argon atmosphere. D eoxidation was carried out at 1 600°C through the addition of 15 g of aluminum shot. Samples were taken at I min intervals and these samples were analyzed for total oxygen and acid soluble aluminum in addition to the characterization of the oxide inclusion particles by a previously described optical technique. The quantity a deduced from these measurements is also given in Table 2 . Further exp erimental details regarding this laboratory scale run are given in Table 1 . The actual time dependence of the oxygen content in this laboratory scale heat is shown in Fig. 6 .
Let us now proceed by considering the interpretation of these measurements through the use of the model developed in the preceding sections.
Comparison oj the Measurements with Predictions
In the interpretation of the plant scale measure-Re search Article ments, we have to recall our previous paper!) where it was shown that in the ASEA-SKF furnace some 50 to 90 ec were required for the attainment of complete mlxlllg. It follows that about 1 min had to lapse before the d eoxidant added could be considered uniformly dispersed, so that in all but one of the cases, 1 min after the addition of the deoxidant was considered the zero time for the purpose of computation. A comparison between the measured and the predicted deoxidation rates is shown in the following In all these plots the experimental data points are represented by the solid circles while the theoretical deoxidation curves, drawn for various parametric values of the energy density dissipation rate, are given by the continuous lines . Figure 7 shows the behavior of heat LRA-1 in a 50 t ASEA-SKF furnace where deoxidation was assumed to commence some 10 sec after the aluminum addition. Figure 8 shows the identical results but interpre ted by considering the inclusion count and bath oxygen level, obtained I min after the aluminum addition, as the initial state. It would appear that this latter representation provides a better agreement between measurements and predictions. Figure 9 shows the behavior of heat LN-l in the modeling of which the zero on the time scale corresponded to 1 min after the aluminum addition. Finally Fig. 10 shows the behavior of heat LR-l; it is noted that the satisfactory interpretation of the data in this particular heat required an empirical readjustment of the parameter a or the initial concentration of oxygen in the bath.
In the preceding Figures 7 to 10 , we examined the predictive capability of the model with regard to the actual deoxidation rates. It is of interest to assess the ability of the model to predict the time dependence of the particle number density function during the d eoxidation runs. This is done in Fig. 11 for run LRA-l ; it is seen that the agreement is not particularly good, notwithstanding the fact that the overall deoxidation rates were reasonably well represented. In view of the earlier discussion, concerned with the reliability of the particle size distribution measurements, it is not clear whether this discrepancy is an inherent shortcoming of the model or is associated with the inaccuracy of the m easurements themselves. Fig. 8 . Comparison of the measured and the predicted deoxidation rates for heat LRA-I taken in the computation as I min after the addition of aluminum Transactions ISIJ, V ol. 15, 1975 ( 527 ) It is noted that the deoxidation rates in the three industrial scale heats shown in Figs. 7 to 10 could b e predicted reasona bly well by postulating c values of the order of 50 to 200 erg/cm 3 sec. If we recall that the actual ene rgy d ensity dissipation rates calculated from these systems were of the order of 600 to 900 erg/cm 3 sec, the model proposed in the paper seems quite plausible because quantitative agreement could be obtained between measurements and predictions by postulating a coagulation efficiency of about 30 to 40 %. A more detailed discussion of these phenomena will be presented subsequently. Figure 12 shows the deoxidation rates observed in the 20 kg laboratory scale sys tem where the particle number density taken 10 sec after the aluminum addition was considered to be the initial stage. In this case no predictions were made [or the energy dissipation density but the data were adequately represented by postulating <=84.3 erg/cm 3 sec. 
Time after the addition of atuminum (soc) Fig. 12 . The compa rison of the ra tes of deoxidation between the theory and the experiment for a heat in a 20 kg induction furnace where the zero in tim e scale corresponds to 10 sec after th e ad dition of a luminum
V. Discussion
In the paper we proposed a new model for representing the kinetics of deoxidation in agitated steel baths when strong deoxidizing agents, such as sili con, a luminum or titanium are being used.
In the model we postu lated that coagu lation was the rate controlling step a nd developed an expression for the deoxidation rate in which an adaptation of Saffman and Tuner's coalescence theory was used. This sophisticated model required knowledge of the rate of turbulence energy density dissipation and this Research Article quantity was ca lc ul ated using a recently developed technique for representing turbu lent recircu latory flows in steel processing operations.
The predictions based on this model were found to be of th e sa me orde r of magnitude as those obtained in ac tual measurements for the deoxidation rates in 50 t ASEA-SKF units. A quantitative agreement may be produced between measurements and predicti o ns through the use of a coagulation coefficient, .; which is defined as: (10) where, [1 is the energy density dissipated per unit weight and unit time obtained through the curve fitting on the experimental deoxidation data, a nd (= is the mean value of the same quantity predicted from the two-equation mod el of turbu lence is given m Section III. 1.
The values of ~ thus deduced a re summarized in Table 4 where it is seen that '; is of the order of 0.3 to 0.6, which seems reasonable because the coagulation process cannot be expected to proceed with 100 % efficiency. In the present model we postulated, as a first approxim ation, that the critical radius of the oxide particles was 16 p.m. While this assumption for the numerical value of rm nx was somewhat arbitrary, the c hoice of this value seems consistent with physica l reasonmg.
Th e considerations which lead to the definition or r mnx suggest that this value should be substan tially larger th a n the average size of the oxide particles in the bath, moreover, since particles larger than r m ax are thought to escape from the system rather readily experimentally few particles larger than Tmnx should a ppear in the m easurements . Both these criteria are met by the choice of r 111 ax = 16 p.m. As seen in Table 2 the average radius of the oxide particles was of the order of I to 3 p.m; moreover, very few particles la rger than 16 p.m were observed in course of the microscopic examination of the samples taken.
Finally, it may be worthwhi le to speculate about the actual physical significance of r max . It may be possible that in order for the separation of occur (e.g., b y occlusion by the slag cover, elc.) the pa rticles mu st be able to escap e fro m the eddies . For th e energy dissipation in a n A SEA-SKF furn ace the size of the sm a llest eddies (K olmogorv microscale) is es tima ted to be of th e same o rder, if som ewha t la rger th a n rm nx chosen for the computation .
I t is to be stressed , however, tha t none of the a b ove a rguments provides a rigorous justification for the value selected for r m ax but ra ther would seem to indica te tha t the numerical value chosen wa s no t unreason a ble.
At this stage it m ay be worthwhile to commen t briefl y on the alternative mod els for deoxida tion tha t have been published in the litera ture . These models, which were briefly m entioned in the introductory section , may be divided into two broad categories, n a m ely : 1) Models postula ting that the overall ra te of d eoxida tion is limited either by th e rate of a surface reaction (absorption in the slag, reaction with the surface of the container ) or by th e ra te of rise of the inclusion p a rticles 2 -7 ) 2 ) M odels p ostula ting th a t th e deoxidatio n process is limited by some volume reaction, either diffusion 10 ) or coagulation . I t is readil y seen th a t a ll models in Category (l ) h a ve to be strongly dep enden t on th e linear scale of the system . For a surface reaction the surface to volume ra tio shows som e inverse p roportionality to the linear scale. T he scale d ep end ence of m odels postulating limita tion by the rising velocity of inclusion p a rticles is obvious, because the time of rise o r the dista nce to b e travelled will n ecessaril y depend o n the size of the container .
For a rgument's sake let us postul ate the following simple, exponentia l rel a tionship for the deoxida tio n r a te:
where, Co: C: k:
a constant the oxygen conten t of the ba th a t time I the rate constant fo r d eoxidation .
If m odels in Category (1) were valid , one wo uld expect th e numerical value of k to d epend ma rkedl y o n the scale of th e equipment ; the la rger the equipm ent, th e sma ll er the numerical value of k. T a ble I shows a selection of k va lues, deduced from b o th la bora tory scale m easurem ents a nd from d a ta obtained on a n industrial scale. 2 , 3 , 9 ) Notwithsta nding the over 20 fold variation in linear scale en comp assed by these d ata, no system a ti c va ria tion in k is a ppa ren t. This behavior would indicate tha t m od els in Category ( I ) a re unlikely to be appropria te for d escribing the d eoxid a tion cha racteristics of stro ng d eoxida nts.
Turkdogan 's m od el, whil e correctly ascribing a volumetic mecha nism to the d eoxida tion ra te, coupled this process with a flota tion step whi ch he assumed to b e governed by Stoke's Law. Stoke's Law typ e behavior is unrealistic under industria l conditions where the bath is known to be in turbulent motion. Thus Turkdoga n's model appears to h ave limited practical a pplicability.
Transactions ISIJ, Vol. 15, 1975 ( 529 ) Th e m odel described in th e presen t p a p er p os tul a tes a m echa nism that is indep endent of th e linear scale of the equipment which a ppears to be consistent with a la rge volume of publish ed informatio n on deoxidation kinetics.
VI. Concluding Remarks
By p ostulating tha t for aluminum d eoxida tion th e coalescen ce of the inclusion p a rticles is the ra te controlling m echa nism , a n ew model has b een proposed fo r d escribing deoxida tio n kinetics in turbulent melts.
In essence this model combines a coalescence theory proposed by Saffm a n a nd Tuner with a recently d eveloped computational a lgori thm for representing t urbulent, recirculatory flows.
The predictions b ased on the m od el were found to be in reasonable agreem ent with m easurements obtained in both a 50 t ASEA-SK F fu rnace a nd in a 20 kg la boratory scale uni t. I t is n oted, furthermo re tha t the turbulence p a ram eters used in the present compu tation for the 50 t unit, were found to be consisten t wi th previou sly repor ted tracer dispersio n m easurem ents. Th e m odel described h ere seem s a ttractive because it incorp orates basic informa tion o n th e turbulence cha rac teristics of the system. It has b een long thought that stirring in tensity a nd hence tu r bulence phenomen a, pl ayed a m aj or role in determining the kinetics of d eoxida tion but th e presen t p a p er appears to be the first successful a ttempt wh ere qua ntita tive accoun t has b een ta ken of th e effect of turbulence in these system s.
It h as to be noted that a luminum d eoxida tion is p erha p s one of the simplest of the sys tem s that on e can m od el. It is tho ug ht, however, that the approach described in this p ap er wo uld be quite promising for representing, a t least p a r tia ll y, oth er, more complex d eoxidation systems.
